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(57) The disclosure relates to an RF inductively 
coupled plasma reactor including a vacuum 
chamber (102) for processing a wafer (82), one 
or more gas sources (98, 100) for introducing 
into the chamber reactant gases, and an anten- 
na (80) capable of radiating RF energy into the 
chamber to generate a plasma therein by induc- 
tive coupling, the antenna lying in a two- 
dimensionally curved surface. In another embo- 
diment a plasma reactor includes apparatus for 
spaying a reactant gas at a supersonic velocity 
toward the portion of the chamber overlying the 
wafer. In a further embodiment a plasma reactor 
includes a planar spray showerhead for spray- 
ing a reactant gas into the portion of the cham- 
ber overlying the wafer with plural spray nozzle 
openings facing the wafer, and plural magnets 
in an interior portion of the planar spray nozzle 
between adjacent ones of the plural nozzle 
openings, the plural magnets being oriented so 
as to repel ions from the spray nozzle openings. 
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The invention relates to reactors for performing 
radio frequency (RF) plasma chemical vapor deposi- 
tion (CVD) and sputter etch processes and particular- 
ly to such r actors for p rforming both processes si- 
multaneously. 5 

CVD formation of a thin silicon dioxide film on an 
integrated circuit structure having small (0.5 um or 
less) features with high aspect ratios (i.e., a large val- 
ue of the ratio of channel depth to channel width, e.g., 
greater than two) is nearly impossible to accomplish 10 
without formation of voids between the metal lines. As 
shown in FIG. 1A, in depositing a dielectric material 
10 on a device having a very narrow channel 12 (i.e., 
an aspect ratio greater than 2) separating two metal 
lines 14a, 14b, relatively little of the dielectric material 15 
10 reaches the bottom of the channel 12, leaving a 
void 15. This is because dielectric material 10 is de- 
posited more quickly at the corners 16 of the metal 
lines 14 than elsewhere along the vertical walls of the 
metal lines 14, thus at least nearly sealing off the bot- 20 
torn of the channel 1 2 during the deposition process. 
A solution to this problem is to simultaneously etch 
the dielectric material 10 from the corners while de- 
positing using an RF sputter etch process that uses 
ions impinging vertically on the surface, thus prevent- 25 
ing pinching off of the channel 12. This process can 
be used for spaces with aspect ratios greater than 
two, unlike currently-used sequential deposition and 
sputtering which fails below 0.5 jam. 

As illustrated in the graph of FIG. 1 B, an RF sput- 30 
ter etch process has a maximum etch rate for surfac- 
es disposed at a 45° angle relative to the incoming 
ions. By directing the ions to impinge in a perpendic- 
ulardirection relative to the wafer surface, the sputter 
tch process quickly etches angled surfaces formed 35 
by the simultaneous deposition process (such as di- 
electric surfaces formed over the corners 16) and 
etches other surfaces (i.e., horizontal and vertical 
surfaces) much more slowly, thus preventing the 
blockage of the channel 1 2 and formation of the void 40 
15 shown in FIG. 1A. This permits deposition of di- 
electric material preferentially at the bottom of the 
channel 12 and on top of the lines 14, relative to the 
side wails and corners 16, as illustrated in FIG. 1C. 

In order to accomplish the foregoing, the RF plas- 46 
ma sputter etch rate near the corners 16 must be on 
the order of the deposition rate. High plasma density 
is required to meet the requirement of high sputtering 
rate (production throughput) without electrical dam- 
age to the semiconductor devices. In order to achieve 50 
such a sputter etch rate across an entire wafer (such 
as an eight inch Silicon wafer), the plasma ion density 
must be sufficiently high and uniform across the en- 
tire wafer. Such uniformity is readily accomplished 
using a plasma consisting almost entirely of argon 55 
ions. However, it will be remembered that the sputter 
etch process desired here is ancillary to a CVD proc- 
ess requiring sp cies other than argon to be present. 



Specifically, in a CVD proc ss employing silane 
(SiH 4 ) in which the dielectric material 10 is Si0 2 , oxy- 
gen must be present in significant quantities, the oxy- 
gen being ionized in the plasma. The oxygen ions 
have a relativ ly short lifetime and ar highly sus- 
ceptible to quenching. It is very difficult to attain a 
dense and very uniform distribution of oxygen ions 
across the wafer surface, particularly 8-inch diameter 
wafers of the type now currently in use. 

While the plasma may be generated with electron 
cyclotron resonance (ECR), ECR apparatus has lim- 
ited commercial attractiveness due to design com- 
plexity, size and cost. Moreover, since the plasma is 
generated remotely from the wafer, scaling the ECR 
reactor up to accommodate an 8-inch wafer diameter 
is difficult and requires simultaneous use of complex 
magnetic fields. 

Application of inductively coupled plasmas to 
high-rate sputter etching in CVD systems is disclosed 
in application Serial No. 07/941,507 filed September 
8, 1992 by Coffins et ai. entitled "Plasma Reactor Us- 
ing Electromagnetic RF Coupling and Processes' 1 
and assigned to the assignee of the present applica- 
tion, the disclosure of which is hereby incorporated by 
reference in its entirety into the present specification. 
An earlier version of this work is described in Europe- 
an patent publication EP 0,520,519 A1. As described 
therein, one advantage of inductively coupled plas- 
mas over capacitively coupled plasmas is that the in- 
ductively coupled plasma is generated with a much 
smaller bias voltage on the wafer (reducing the likeli- 
hood of damage thereto) even in the presence of a 
greater plasma density. In the silicon oxide deposition 
disclosed in the referenced patent application, silane, 
mostly unionized, provides the silicon and a gaseous 
oxygen species provides the oxygen for the formation 
of silicon dioxide by CVD. Argon ions accelerated 
across the sheath adjacent the wafer are used for 
sputter etching. 

FIG. 2 illustrates a CVD vacuum chamber 20 and 
RF antenna 22 for generating an inductively coupled 
plasma of the general type disclosed in the above- 
referenced application, although that particular 
chamber had a top-hat shape. The RF antenna 22 is 
a coiled conductor wound as a solenoid around the 
cylindrical vertical side wall 24 of the vacuum cham- 
ber 20. The source chamber wall adjacent the coil an- 
tenna is an insulator while the ceiling 26 and the proc- 
ess chamber walls are preferably grounded, the flat 
ceiling 26 functioning as a grounded electrode. 

The cylindrical coil of the referenced application 
non-resonant ly couples the RF energy in the coil an- 
tenna into the plasma source region via an induced 
azimuthal electric field. Even in free space, the elec- 
tric field falls to zero at the center of the chamber. 
When a plasma is present, the electric field falls off 
even more quickly away from the chamber walls. The 
electric field accelerates electrons present in the 
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plasma, which then f urth r ioniz atoms into ions or 
break up mo! cules into atoms or radicals. Because 
the coupling is not tuned to a plasma resonance, the 
coupling is much less dependent on frequency, pres- 
sure and local g om tries. The plasma source region 5 
is designed to be spac d apart from the wafers, and 
the ions and atoms or radicals generat d in the 
source region diffuse to the wafer. 

The chamber of the above-referenced applica- 
tion is primarily designed for etching at relatively low 
chamber pressures, at which the electrons have 
mean free paths on the order of centimeters. There- 
fore, we believe the electrons, even though primarily 
generated near the chamber walls, diffuse toward the 
center and tend to homogenize the plasma across a 
signif icant diameter of the source region. As a result, 
the diffusion of ions and atoms or radicals to the wafer 
tend to be relatively uniform across the wafer. 

We believe the reactor of the above-referenced 
application has a problem when it is used for CVD de- 
position and sputter etching, particularly involving 
oxygen. For CVD, the chamber pressure tends to be 
somewhat higher, reducing the electron mean free 
path and resulting in a nonuniform plasma density 
with the peak density occurring in an outer annulus of 
the plasma. Furthermore, oxygen ions or radicals are 
subject to many recombination paths so that their dif- 
fusion lengths are relatively limited. Thus, the wafer 
center is farther from the plasma source region than 
the wafer edges, and the oxygen ion and radical den- 
sity is less near the center of the wafer 28 than it is at 
the edges thereof, as illustrated in the solid line curve 
of ion density of FIG. 3. The lack of oxygen ions near 
the wafer center reduces the sputter etch rate relative 
to the CVD deposition rate, leading to formation of the 
void 1 5 as illustrated in FIG. 1 A in spaces or channels 
near the wafer center (e.g., the channel 12 of FIG. 
1 A), while spaces near the wafer periphery have the 
desired ratio between sputtering and deposition 
rates. 

One possible solution would be to raise the height 
of the ceiling 26 and to increase the axial height of the 
antenna 22 above the wafer. (For argon only, the ion 
distribution for this taller source would be virtually 
uniform in accordance with the dashed-! ine curve of 
FIG. 3.) However, such a height increase is impracti- 
cal because the larger volume makes cleaning of the 
system more difficult Another possible solution 
would be to operate the source region at a very low 
pressure (below 1 milliTorr), at which the oxygen ion 
density is quite uniform and ion distribution may not 
be as severe a problem, depending upon the distance 
of the wafer to the top electrode. However, maintain- 
ing such a hard vacuum requires an impracticaliy 
large pump size, and so a relatively lower vacuum 
(higher pressure) between 1 and 30 milliTorr is need- 
ed for commercial viability. 

Some of these problems are addressed by Ogle 



in U.S. Patent No. 4,948,458 by th us of a planar 
spiral coil antenna placed on a flat dielectric chamber 
top. This is sometimes called a pancake coil. Such a 
design is claimed to create a uniform plasma source 
region adjacent th top of the chamber, thus providing 
uniform ion and radical diffusion to the wafer. 

However, we believe the pancake coil to have 
drawbacks. Its planar configuration suggests that a 
significant part of its RF power coupling into the 
chamber is capacitive coupling, that is, it uses electric 
fields set up by charge accumulation in the antenna 
structure rather than electric fields induced by cur- 
rent flow through the antenna, as is the case with in- 
ductive coupling. Capacitive coupling generally cre- 
ates very high electric fields, which in turn create 
high-energy electrons that are deleterious in a semi- 
conductor reactor. In contrast, the predominantly in- 
ductive coupling of the above-referenced application 
of Collins et al. produces lower electric fields and low- 
er electron energies. 

Accordingly, there is a need to uniformly distrib- 
ute oxygen ions in high density inductively coupled 
plasmas between 1 and 30 milliTorr across large (8- 
inch) wafers in order to maintain uniform oxygen sput- 
ter or etch rates on the order of 1000 Angstroms per 
minute. 

Another problem is that silane emitted from the 
gas outlets 30 in the sides of the vacuum chamber 20 
diffuses equally in all directions, not just toward the 
wafer 28. Since the silane and oxygen gases react to- 
gether spontaneously, and since the chamber walls 
are closer to the gas outlets 30 than most of the wafer 
28 (particularly for larger diameter wafers), deposi- 
tion of Si0 2 over all interior surfaces of the vacuum 
chamber 20 is greater than that on the wafer 28. This 
means that the reactor must be periodically removed 
from productive activity and the SiO z coating re- 
moved from the interior surfaces, a significant disad- 
vantage. 

Thus, there is a need for a reactor which deposits 
less CVD residue (e.g., Si0 2) on the interior chamber 
surfaces and which therefore requires less frequent 
cleaning. 

In accordance with one aspect, the invention is 
embodied in an RF inductively coupled plasma reac- 
tor including a vacuum chamber for processing a wa- 
fer, one or more gas sources for introducing into the 
chamber reactant gases, and an antenna capable of 
radiating RF energy into the chamber to generate a 
plasma therein by inductive coupling, the antenna ly- 
ing in a two-dimensionally curved surface. 

In accordance with another aspect, the invention 
is embodied in a plasma reactor including a vacuum 
chamber for processing a wafer, an antenna capable 
of radiating RF energy into the chamber to generate 
a plasma in a portion of the chamber overlying the 
wafer, and apparatus for spraying a reactant gas at a 
supersonic velocity toward the portion of the chamber 
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overlying th wafer. 

In accordance with a further aspect, the invention 
is mbodied in a plasma reactor including a vacuum 
chamber for processing a wafer, an antenna capable 
of radiating RF n rgy into the chamber to generate 5 
a plasma in a portion of th chamber overlying th wa- 
fer, and a plurality of longate spray nozzles thermally 
coupled to a vacuum containment wall of th vacuum 
chamber and extending toward the wafer with respec- 
tive nozzle tips having gas distribution inlet orifices at 10 
least nearly overlying the edge of the wafer. 

In accordance with yet another aspect, the inven- 
tion is embodied in a plasma reactor including a va- 
cuum chamber for processing a wafer, an antenna ca- 
pable of radiating RF energy into the chamber to gen- 15 
erate a plasma in a portion of the chamber overlying 
the wafer, and a closed tube inside the vacuum cham- 
ber for spraying a reactant gas into the portion of the 
chamber overlying the wafer and symmetrically dis- 
posed relative to the wafer and following an edge con- 20 
tour of the wafer so as to not overlie a substantial por- 
tion of the wafer, the closed tube having a plurality of 
spray openings therein facing an interior portion of the 
vacuum chamber overlying the wafer. 

In accordance with a still further aspect, the in- 25 
vention is embodied in a plasma reactor including a 
vacuum chamber for processing a wafer, an antenna 
capable of radiating RF energy into the chamber to 
generate a plasma in a portion of the chamber over- 
lying the wafer, a planar spray shower head for spray- 30 
ing a reactant gas into the portion of the chamber 
overlying the wafer, the planar spray showerhead 
overlying an interior portion of the vacuum chamber 
over the wafer, the planar spray showerhead being 
parallel to and at least nearly co-extensive with the 35 
wafer and having plural spray nozzle openings facing 
the wafer, and plural magnets in an interior portion of 
the planar spray nozzle between adjacent ones of the 
plural nozzle openings, the plural magnets being ori- 
ented so as to repel ions from the spray nozzle open- 40 
ings. 

In accordance with yet another aspect, the inven- 
tion is embodied in a plasma reactor including a va- 
cuum chamber for processing a wafer, an antenna ca- 
pable of radiating RF energy into the chamber to gen- 45 
erate a plasma, and a conductive dome-shaped elec- 
trode overlying the wafer and being connectable to an 
electrical potential. 

In accordance with a still further aspect, the in- 
vention is embodied in a plasma process, including so 
the steps of providing a vacuum processing chamber 
holding a workpiece to be processed and having a 
dome-shaped antenna on one side thereof, feeding a 
processing gas including an electronegative gas into 
the processing chamber, resonantly coupling an RF 55 

lectricai signal to the antenna, and non-re son ant ly 
and inductively coupling electromagnetic energy 
from the antenna into a plasma formed in the process- 



ing chamber from the proc ssing gas, wh reby th 
workpiece is processed by the plasma. 

FIG. 1A is a simplified diagram illustrating prob- 
lems encountered in depositing material on small mi- 
croelectronic features having relatively high aspect 
ratios. 

FIG. 1B is a graph illustrating th aff ct of sur- 
face angle on sputter etch rate. 

FIG. 1C is a simplified diagram corresponding to 
FIG. 1A showing a desired deposition pattern ach- 
ieved using simultaneous CVD and sputter etch proc- 
esses. 

FIG. 2 is a simplified diagram of a CVD-RF plas- 
ma etch apparatus disclosed in a related application. 

FIG. 3 is a graph illustrating the effect of distance 
from the wafer center on the ion density for argon and 
oxygen characteristic of the apparatus of FIG. 2. 

FIG. 4 is a cross-sectional elevational view of a 
first embodiment of the present invention employing 
a showerhead gas distribution apparatus. 

FIG. 5 is a cross-sectional elevational view of a 
second embodiment of the present invention employ- 
ing a showerhead gas distribution apparatus. 

FIG. 6 is a cross-sectional elevational view of a 
third embodiment of the present invention employing 
an overhead dome-shaped RF antenna and a ring 
gas distribution apparatus. 

FIG. 7 is a perspective view corresponding to a 
portion of the domed ceiling of the embodiment of 
FIG.6 and illustrating a Faraday shield preferably em- 
ployed therein. 

FIG. 8 is a cross-sectional elevational view of a 
fourth embodiment of the present invention employ- 
ing an overhead dome-shaped RF antenna and a 
multiple-nozzle gas distribution apparatus. 

FIG. 9 is a cross-sectional side view of a prefer- 
red nozzle shape employed in the embodiment of 
FIG. 7. 

FIG. 10 is a cross-sectional elevational view of a 
fifth embodiment of the present invention employing 
a cylindrical antenna, a flat ceiling and a multiple noz- 
zle gas distribution apparatus. 

FIG. 11 is a cross-sectional elevational view of a 
sixth embodiment of the present invention employing 
a cylindrical antenna, a multiple nozzle gas distribu- 
tion apparatus and a domed conductive ceiling. 

FIG. 12 is a cross-sectional elevational view of a 
seventh embodiment of the present invention corre- 
sponding to a combination of features of the embodi- 
ments of FIGS. 6 and 11. 

Referring to FIG. 4, a first embodiment of an im- 
proved inductively coupled plasma CVD reactor con- 
centrates the silane gas more on the wafer 40 and 
less on the interior vacuum chamber walls 42, 43, 44 
by releasing the silane gas directly over and close to 
(within about 2 inches or 5 cm of) the wafer surface 
46 by a showerhead 48 extending parallel to and 
across substantially th entire wafer diameter and 
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dispos d in an opening in the ceiling 44 of th vacuum 
chamber. In the illustrated embodiment, the wall 42 is 
a die) ctric material while the wall 43 and ceiling 44 
are lectrically conductiv materials. As in the appa- 
ratus of FIG. 2, the chamber walls 43, 44 ar electri- 
cally grounded. A coiled RF antenna 49 extending 
from above the shower head 48 to below the wafer 46 
generates a plasma within the chamb r by inductive 
coupling through the dielectric wall 42. 

The showerhead 48 consists of a flat circular bot- 
tom wall 50 parallel to the wafer 40 and having many 
narrow vertical spray openings 51 therethrough. The 
showerhead 48 is integrally formed with a cylindrical 
wall 52 having a circular shoulder 54 resting on the top 
of the chamber ceiling 44. A circular intermediate wall 
56 has narrow vertical spray openings 58 there- 
through laterally interleaved with the spray openings 
51 of the bottom wall 50. A spray chamber 60 is 
formed between the circular bottom and intermediate 
walls and the cylindrical side wall 52. Aflat circular top 
wall 62 of the nozzle bounds a manifold 64 with the 
intermediate wall 56 and the side wail 52. A pair of ex- 
ternal gas inlets 66, 68 connect to a mixing manifold 
70 extending through the top wall 62 into the manifold 
64. Forsilicon dioxide CVD, silane and oxygen are fed 
into the chamber through separate pipes. In order to 
confine the plasma away from the surface of the bot- 
tom nozzle wall 50, a set of discrete magnets 72 are 
distributed (in accordance with well-known plasma 
confining techniques) across the entire top surface of 
the bottom nozzle wall 50. Their magnetic field lines 
correspond to the field line 72a illustrated in FIG. 4. 

Insulation 73 may be placed on the upper surfac- 
s of the chamber on the ceiling 44 and the outer sur- 
face of the nozzle cylindrical side wall 52. 

The wafer 40 is supported by an RF electrode 74 
(of the type disclosed in the above-referenced com- 
monly-assigned application) to within about 2 inches 
(5 cm) of the bottom wall 50 of the nozzle. Th is feature 
assures preferential distribution of the incoming gas 
toward the wafer 40 assuring superior performance 
as a CVD reactor. 

The RF sputtering performed by reactor of FIG. 
4 suffers from a tendency of the plasma to concen- 
trate in the peripheral annular region 76, leaving less 
plasma over the center of the wafer 40. This reduces 
the RF sputter etch rate at the wafer center. Thus, 
while the reactor of FIG. 4 performs CVD to great ad- 
vantage, it is not as useful for performing simultane- 
ous CVD - sputter etch processes with competing 
etch and deposition rates nor is it useful for sputter 
etch processes using oxygen chemistry. However, 
this embodiment is useful for any inductively coupled 
or inductively enhanced CVD deposition process 
where some compromise in plasma (ion) density uni- 
formity over the wafer surface is acceptable. 

One technique for solving the problem of plasma 
concentration in the peripheral annulus 76 is to raise 



th ceiling 44, as illustrat d in FIG. 5, to about 4 in- 
ches (10 cm) or more. While this do s improve the 
uniformity of plasma distribution, it so increases th 
chamb r volume and diffusion distance to the waf r 

5 as to remove th advantage of a small volume cham- 
ber. Thus, there would seem to be nothing further to 
b gain d by this approach. 

The seemingly intractable problem of non-uni- 
form distribution of oxygen ions at higher (1-30 milli- 

10 Torr) vacuums is solved in the embodiment of FIG. 6. 
The solution is to configure the coiled RF antenna 
over the wafer in such a manner that all portions of the 
wafer are more evenly spaced from the total plasma 
source region adjacent the coil and chamber wall. As 

15 a result, the flux of ionic and atomic oxygen is more 
uniform across the wafer such that the etch rate over 
corner features 1 6 (FIG. 1 A) is uniform across the wa- 
fer. As shown in FIG. 6, this is accomplished by con- 
figuring the coiled antenna 80 in a dome shape over- 

20 lying and centered on the wafer 82, as well as config- 
uring the ceiling 84 of the vacuum chamber itself in 
the same dome shape so that it can support the an- 
tenna 80. As before, the antenna 80 is a coiled con- 
ductor. 

25 An advantage facilitated by the dome-shaped 

ceiling 84 and coiled antenna 80 of FIG. 6 is that the 
region adjacent the ceiling 84 of greatest ion concen- 
tration extends over a portion of the surface of the 
wafer 82, thus reducing the path length to the wafer 

30 center and thereby increasing the oxygen ion density 
at the wafer center. By contrast, in the apparatus of 
FIG. 2, the region of greatest ion concentration is gen- 
erally vertical in extent and therefore does not overlie 
any portion of the wafer and is nearest only the wafer 

35 edge. 

In order to promote inductive coupling, the dome- 
shaped coiled antenna 80 includes a straight vertical 
cylindrical portion 80a corresponding to the simple 
vertical solenoid antenna coil 22 of FIG. 2 and provid- 

40 ing the closed magnetic field lines like the magnetic 
field lines 25 of Fig. 2 associated with inductively cou- 
pled plasmas. The curved portion 80b of the dome- 
shaped coiled antenna 80 brings the region of maxi- 
mum ion density closer to the wafer center, in accor- 

45 dance with the feature thereof described above. Pre- 
ferably, the curved portion 80b has an axial length 
greater than 20% of the diameter of the cylindrical 
portion 80a. For example, in a preferred embodiment, 
the overall vertical extent of the coiled antenna 80 is 

so about 9 cm, which is greater than 20% of the coil di- 
ameter or diameter of the cylindrical portion 80a. 

The horizontal projection of the antenna 80 is a 
spiral having a center void. The center void preferably 
has a diameter d of from 2 to 8 inches (50 to 200 mm) 

55 for an 8-inch wafer in a chamber having a total diam- 
eter of slightly less than about 14 inches (35 cm). That 
is, the void preferably is 25% to 1 00% of the wafer di- 
ameter. This void allows a magn tic field to funnel 
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therethrough and is pref rred to suppr ss capacitive 
coupling and promote the inductive coupling of the RF 
energy into the plasma, thereby maintaining the low 
el ctron energies and high plasma ion density char- 
acteristic of inductively coupled plasmas. 

The number of windings in ach of the two por- 
tions 80a, 80b of the coiled antenna 80 is d termin d 
by th spacing betwe n coil winds, th shape of the 
dome ceiling 84 (including the height H v of the vertical 
portion thereof) and the void diameter d. The prefer- 
red coil spacing is between 1/4 inch and 3/8 inch (.63 
cm and .94 cm). Alternatively, the coil spacing may be 
on the order of a conductor width or less. The void di- 
ameter d has been defined in the previous paragraph 
as being between 25% and 100% of the wafer diam- 
eter. The smooth convex shape of the dome ceiling 84 
currently employed is dictated by the use of the dome- 
shaped floor of a type 510 General Electric fused 
quartz crucible, General Electric part number 14111 F, 
as the quartz ceiling layer 84a, having a major dome 
radius R^ of 15 inch (37.5 cm) and a corner radius R 2 
of 35 inch (8.75 cm) and an outside diameter of 14 
inch (35 cm). Most of the long vertical cylindrical por- 
tion of the GE crucible is removed, leaving a short- 
ened vertical height Hv of about 1/4 inch (.63 cm). The 
distance between the wafer surface and the bottom 
(outer edge) of the dome ceiling 84 is about 1.5 inch 
(3.75 cm) while the distance between the wafer sur- 
face and the top (apex) of the dome ceiling is about 
4.9 inch (12.25 cm). Preferably, the wafer height is be- 
low the lowest coil of the antenna 60. 

The skilled worker can adjust the dome or sphe- 
rical shape of the coiled antenna 80 as desired for op- 
timum uniformity of RF energy across the wafer sur- 
face given the wafer size and dome height, so that the 
invention may be implemented with different dome 
shapes. In general, the dome shape is a shell of rev- 
olution whose shape maximizes the ability of the 
dome to withstand mechanical stress caused by the 
external atmospheric pressure. This shape provides 
maximum mechanical strength between the vacuum 
and atmosphere. The shape described above is a 
special case of a shape having a plurality of sections 
of differing radii that are smoothly joined, that is, have 
equal first derivatives at the joints between them and 
at the joint with the cylindrical portion. Indeed, the 
curvature may continuously increase from the dome 
top to the cylinder. Other smoothly varying shapes 
can be used, but a conical shape is disadvantageous 
because of its poor mechanical strength and the dis- 
torted electromagnetic f ields produced at the sharp 
joint with the cylindrical portion. 

The dome height is preferably greater than half 
and not much more than 2 times the wafer diameter 
and preferably is approximately equal to the wafer di- 
ameter. The skilled worker can readily determine an 
optimum spacing (other than that disclosed above) 
betw en adjacent conductors of the coiled antenna 



80 as a function of height or position on the dome for 
uniformity of RF energy across the wafer surface. As 
disclosed in the above-referenced patent application, 
the conductor length of the antenna 80 is one-quarter 

5 of the wavelength of the RF signal employed to gen- 
erate the plasma. In the pres ntly preferred embodi- 
ment, the length of th antenna conductor is about 7 
to 11 feet (2.1 m to 3.4 m). RF generating and tuning 
circuitry of the type disclosed in U.S. patent applica- 

w tion Serial No. 07/975,355 filed November 12, 1992 
by Collins et al. and assigned to the present assignee 
are connected to the antenna 80 and may be em- 
ployed to adjust the impedance of the antenna in ac- 
cordance with a desired RF frequency. 

is The details of construction of the embodiment of 
FIG. 6 correspond largely to the disclosure of the 
above-referenced patent application. In the preferred 
embodiment, the interior layer 84a is the GE quartz 
crucible described above which can withstand the 

20 high plasma temperatures inside the chamber. The 
exterior cooling layer 84b (containing the coiled an- 
tenna 80) consists of a dielectric thermally conduc- 
tive material such as alumina. Of course, other mate- 
rials, especially dielectrics, may be substituted. 

25 In order to suppress capacitive coupling, a 
grounded Faraday shield 85 having the "easier egg- 
configuration illustrated in FIG. 7 may be placed be- 
tween the dome layers 84a, 84b between the antenna 
80 and the plasma, in accordance with well-known 

30 techniques, the Faraday shield thus conforming to the 
dome shape of the ceiling 84 and antenna 80, includ- 
ing a void of diameter d. The width W of each conduc- 
tive film arching strip in the shield 85 is about 1 cm 
and the spacing S therebetween is about 0.1 cm. As 

35 shown in the drawing, the strips are joined by a ring 
at the bottom but float at their tops. An RF bias elec- 
trode 74 supporting the wafer 82 is connected to an 
RF source 90 while one end of the conical helical an- 
tenna 80 is connected to an RF source 92. The cham- 

40 ber side 102 is connected to ground. Although in a 
tested embodiment the RF sources 90 and 92 had fre- 
quencies of 1.8 MHz and 2.0 MHz, it is expected that 
an industry standard frequency of 13.56 MHz will be 
employed. Other frequencies in the kHz to MHz range 

45 can also be used. However, frequencies above 20 
MHz have been observed to introduce defects, and 
below 400 kHz the plasma becomes difficult to strike. 
The RF power applied to the antenna 80 from the RF 
source 92 is preferably in the range of 1000 to 3000 

50 watts, while the RF power applied to the bias elec- 
trode from the RF source 90 is in the range of 500 to 
2000 watts. Cooling is provided through coolant jack- 
ets 94. 

The problem of concentrating the gas (silane) 
55 more on the wafer 80 and less on the chamber walls 
is solved in the embodiment of FIG. 6 by a gas ring 
manifold 96 fed with the gas (e.g., silane) from an in- 
I t tube 98 conn ct d to a gas manifold 100 in the va- 
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cuum chamber sid wall 102. Th ring surrounds the 
periphery of the wafer 80 but does not overlie th wa- 
fer 80. Th advantage of th ring manifold 96 is that 
th re are numerous spray holes 104 therein opening 
toward the int rior of th chamber which release th 
silane gas v ry near th waf r 80 without impeding 
th plasma over th wafer 80. 

However, the ring manifold 96 has some delete- 
rious effect on the plasma, at least near the wafer per- 
iphery, and is subject to heating. Heating of the ring 
manifold 96 makes it liable to failure due to formation 
of amorphous silicon residues in its interior from 
breakdown of the silane gas flowing within it. The 
manifold 96 can reach temperatures as high as 500°C 
at high RF power levels. 

The heating problem is solved in the preferred 
embodiment of FIG. 8, which employs at least four 
(and as many as 8 or 1 2 or more) periodically circum- 
ferentially spaced radially inwardly-directed gas feed 
nozzles 106 each connected through the cylindrical 
chamber side wall 1 02 to the gas manifold 100 there- 
in. The advantage is that the chamber wall 102 is a 
heat sink to the nozzles 106, its outer surface facing 
a cool environment, holding the temperature of the 
nozzles 106 well-below that at which silane tends to 
break down to form amorphous silicon. Another ad- 
vantage of the embodiment of FIG. 8 is that the noz- 
zles present a far smaller cross-section to the plasma 
than does the ring manifold 96 of FIG. 6, and therefore 
little loss of the plasma density occurs. The nozzles 
106 introduce the silane while any gas distribution 
device of the type disclosed in the above-referenced 
patent application suffices to introduce oxygen, ar- 
gon or other gases into the vacuum chamber. 

In order to minimize any impedance between the 
plasma and the wafer, the nozzles 106 of FIG. 8, like 
the ring manifold 96 of FIG. 6, extend close to but not 
over the wafer 80, 

Further preference in the distribution of the silane 
gas towards the wafer 80 is achieved by maintaining 
supersonic gas flow through the exit ports of the noz- 
zles 106. This is accomplished by using a very small 
nozzle orifice (preferably on the order of 10 mils) and 
maintaining a large pressure differential between the 
inside and outside of the nozzle 106 for a given gas 
flow and a given number of nozzles. As illustrated, the 
nozzle tip has an inner portion sharply tapering radi- 
ally inwardly and an outer portion gradually tapering 
radially outwardly. Asapphire sleeve within the orifice 
prevents clogging. 

Such a pressure differential is realized by the va- 
cuum maintained within the chamber relative to the 
nozzle orifice. Typically, the total flow rate through all 
the nozzles is in the range of 30 to 1 20 standard cubic 
centimeters per second. Such supersonic gas flow is 
characterized (as shown in FIG. 9) by a Mach disk 110 
inboard of the wafer periphery, preferably by a few 
centimeters . The Mach disk 110 is an imaginary 



boundary b hind which no silane diffuses back di- 
rectly toward the nozzle 106. The result is that the ef- 
fective center of diffusion 1 1 2 of the silane gas is sev- 
eral c ntimeters (about 3 cm in one implementation) 

5 inboard of the wafer periphery rather than being at the 
tip of the nozzle, a significant advantage. Provid d 
the vacuum pressure insid th chamber is less than 
about 30 milliTorr, the silane distribution from the dif- 
fusion centers 112 is uniform across the wafer sur- 

10 face. 

Supersonic gas flow can also be achieved in the 
ring manifold 96 of FIG. 6 by the same step of main- 
taining a sufficient pressure differential between the 
interior of the gas manifold 96 and the interior of the 

15 vacuum chamber. With such supersonic gas flow, the 
ring manifold 96 may be enlarged so as to not be near 
the heat-inducing plasma. 

A cross-sectional side view of a preferred nozzle 
106 is illustrated in FIG. 9. The shape of the nozzle 

20 tip is important to minimize the deposition on the noz- 
zle itself. In order to achieve a 3% uniformity of de- 
position and sputter etch rates across an 6-inch wafer 
surface, more than eight periodically spaced nozzles 
106 are preferably employed in the embodiment of 

25 FIG. 8. 

The plasma reactors of the embodiments of 
FIGS. 6 and 8 are useful in performing any CVD thin 
film deposition. The nozzle gas distribution described 
above is especially useful for any deposition of films 

30 using highly reactive chemical precursor species 
such as silane. The reactor can be used for films 
other than silicon dioxide, such as, for example, dia- 
mond. Moreover deposition of material having a high 
dielectric constant can be carried out as well by these 

35 embodiments. 

FIG. 10 illustrates how the silane nozzles may be 
combined with the cylindrical antenna design dis- 
cussed previously in connection with FIG. 4. As in the 
embodiments of FIG. 2, 4 and 5, the chamber walls 

40 in the embodiment of FIG. 10, including the metal ceil- 
ing 44, are electrically grounded. The nozzles of the 
invention can be advantageously used in any plasma 
reactor, including RF and DC capacitively coupled re- 
actors. 

45 The embodiment of FIG. 1 0 may be improved by 
replacing the flat conductive ceiling 44 of FIG. 1 0 with 
a dome-shaped conductive ceiling 116 illustrated in 
FIG. 11. The shape of the dome-shaped conductive 
ceiling 116 of FIG. 11 generally corresponds to the 

so dome-shaped dielectric ceiling of the preferred em- 
bodiments of FIGS. 6 and 8 and provides similar ben- 
efits in more uniformly distributing the ion concentra- 
tion over the wafer center. Specifically, the dome- 
shaped conductive ceiling 116 provides an electrical 

55 ground reference plane to the plasma which enhanc- 
es sputter etch rate. The ground plane provided by 
the dome-shaped ceiling 116 is further away from the 
waf r surfac at the wafer center than at th wafer 
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dges so as to nhanc ion d nsity near the wafer 
c nter by providing more volume for ion diffusion to 
ev n out non-unifbrmites, thereby increasing ion den- 
sity uniformity across the wafer surface. Pref rably, 
th dome-shaped conductive ceiling 116 of FIG. 11 
has a major radius R, of 10.42 inch (26.05 cm) and a 
horizontal diameter D of 12.25 inch (30.6 cm). The 
dome-shaped ceiling 116 is supported by shoulders 
116a resting on the vertical vacuum chamber wall 114 
so that the top of the dome ceiling 116 rises about 5 
inches (12.5 cm) above the wafer, similarly to the em- 
bodiment of FIG. 6. As in the embodiment of FIG. 10, 
the dome-shaped conductive ceiling 116 is electrical- 
ly grounded. One advantage of the embodiment of 
FIG. 11 is that a sputter etch process having a uni- 
formity across the wafer surface similar to that ach- 
ieved in the embodiments of FIGS. 6 and 8 can be ob- 
tained using the cylindrical RF antenna coil configur- 
ation employed in the embodiments of FIGS. 4 and 5. 

An additional advantage of the embodiment of 
FIG. 11 is that the conductive ceiling 116 can be con- 
nected to an RF power source 118 and disconnected 
from ground by a switch 120 to facilitate cleaning of 
the vacuum chamber using a conventional fluorine 
etch cleaning process. Powering the conductive ceil- 
ing 116 with a bias RF field during an in-situ chamber 
clean enhances the cleaning rate and efficiency of 
the cleaning process in removing contamination from 
the chamber walls and ceiling 116. 

Features of the embodiments of FIGS. 6 and 11 
can be advantageously combined as illustrated in 
FIG. 12. A top central dome-shaped electrode 122 is 
placed within the central void of the spiral antenna 80. 
It is electrically isolated from the spiral antenna 80 
and is held between the dielectric layers 84a, 84b of 
the ceiling 84. The top electrode 122 can be advan- 
tageously used for chamber cleaning when it is con- 
nected to an RF source. For operation as a cleaning 
electrode, it should have a diameter less than that of 
the pedestal. During normal CVD operations, the top 
electrode 122 can be left floating, be grounded or be 
otherwise electrically controlled. 

While preferred embodiments of the invention 
have been described with reference to sputter etching 
employing electronegative ions such as oxygen ions, 
other species may be employed such as fluorine. If 
chlorine is employed for sputter etching, then materi- 
als other than aluminum for the chamber walls may be 
substituted to avoid damage thereto from chlorine 
ions. 

Although the invention is particularly useful for a 
CVD process using an inductively coupled RF plasma 
and oxygen sputtering, it is not so limited. The dome- 
shaped coil can be applied to etching processes and 
to processes using other processing gases such as 
the halogen-containing fluorocarbons, for example. 
The inventive nozzles can be applied to almost any 
type of plasma processing chamb r, wheth r for 



CVD, etching or physical vapor deposition. 

While the invention has been described in detail 
by specific reference to preferred embodiments, it is 
understood that variations and modif ications thereof 
5 may be made without departing from the tru spirit 
and scope of the invention. 



Claims 

w 

1 . An RF inductively coupled plasma reactor includ- 
ing a vacuum chamber, said reactor comprising: 
one or more gas sources for introducing 
into said chamber reactant gases; and 
15 an antenna capable of radiating RF energy 

into said chamber to generate a plasma therein 
by inductive coupling, said antenna lying in a two- 
dimensionally curved surface. 

20 2. The reactor of Claim 1 wherein said antenna has 
a dome-shaped configuration and wherein said 
curved surface is a concave surface facing and 
symmetrically disposed relative to the top sur- 
face of said wafer. 

25 

3. The reactor of Claim 2 wherein said antenna com- 
prises an underlying vertical cylindrical portion 
and an overlying dome-shaped portion smoothly 
joined with said underling vertical cylindrical por- 

30 tion. 

4. The reactor of Claim 3 wherein said vertical cyl- 
indrical portion has an axial height not less than 
20% of the diameter of said vertical cylindrical 

35 portion. 

5. The reactor of Claim 4 wherein said vacuum 
chamber comprises a ceiling comprising a verti- 
cal cylindrical portion and an overlying dome- 

40 shaped portion corresponding respectively to the 
shapes of said vertical cylindrical and dome- 
shaped portions of said antenna and wherein 
said antenna comprises an elongate conductor 
disposed within said ceiling and coiled around a 

45 rotational axis of symmetry of said ceiling. 

6. The reactor of Claim 5 wherein said ceiling com- 
prises a plurality of sections having decreasing 
radii of curvature from a top of said ceiling and 

so being smoothly joined to each other. 

7. The reactor of Claim 3 wherein said antenna has 
a circular void centered at the apex of said curved 
surface. 

55 

8. The reactor of Claim 7 wherein said void has a di- 
ameter on the order of between 25% and 100% 
of the diam ter of said wafer. 
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9. The reactor of Claim 7 furth r comprising: 

a dome-shaped el ctrode in said void, 
said dome-shaped iectrode b ing connectabl 
to an lectrical source. 

5 

10. The reactor of Claim 9 wherein said dome- 
snap d lectrod is connectable toan RF source 
during cleaning of said chamber. 

11. The reactor of Claim 3 wherein said coiled con- 10 
ductor has a length corresponding to a quarter 
wavelength of an RF signal applied to said anten- 
na. 

12. The reactor of Claim 11 wherein said RF signal 15 
has an RF frequency between 400 kHz and 20 
MHz. 

13. The reactor of Claim 1 wherein at least one of said 
reactant gases contributes both (a) ions to said 
plasma for sputter etching and (b) chemical spe- 
cies for chemical vapor deposition, and wherein 
plasma ion density across said wafer is sufficient 
so that the rate of said sputter etching is at least 
on the order of the rate of said chemical vapor de- 
position. 

14. The reactor of Claim 1 wherein at least one gas 
source comprises: 

a plurality of elongate spray nozzles locat- 
ed within and thermally coupled to a vacuum con- 
tainment wall of said vacuum chamber and ex- 
tending toward said wafer with respective nozzle 
tips near the edge of said wafer. 

15. The reactor of Claim 14 wherein gas flow out of 
said nozzles is supersonic. 

16. The reactor of Claim 1 wherein at least one gas 
source comprises: 

a closed tube inside said vacuum chamber 
and symmetrically disposed relative to said wafer 
and following an edge contour of said wafer so as 
to not overlie a substantial portion of said wafer, 
said closed tube having a plurality of spray open- 
ings therein facing an interior portion of said va- 
cuum chamber overlying said wafer. 

17. A plasma reactor including means for holding a 
wafer in a vacuum chamber, comprising: 

an antenna capable of radiating RF energy 
into said chamber to generate a plasma in a por- 
tion of said chamber overlying said wafer; and 

means for spraying a reactant gas at a su- 
personic velocity toward said portion of said 
chamber overlying said wafer. 

18. Th reactor of Claim 17 wh rein said m ans for 



supersonically spraying comprises a plurality of 
longate supersonic spray nozzles. 

19. The reactor of Claim 18 wherein each one of said 
nozzles has an inner portion sharply tapering ra- 
dially inwardly and an outer portion gradually ta- 
pering radially outwardly. 

20. The reactor of Claim 18 wherein said nozzles ex- 
tend toward said wafer with respective nozzle tips 
having gas distribution inlet orifices up to but not 
overlying the edge of said wafer. 

21. The reactor of Claim 20 wherein said spray noz- 
zles are thermally coupled to a vacuum contain- 
ment wall of said vacuum chamber. 



22. The reactor of Claim 20 wherein supersonic gas 
flow from each nozzle forms an effective gas dif- 

20 fusion center displaced from the nozzle tip there- 
of to a location overlying said wafer. 

23. The reactor of Claim 20 wherein said orifices 
each have a size on the order of 1 0 mils and said 

25 chamber has a vacuum between 1 and 30 milli- 
Torr. 

24. A plasma reactor including means for holding a 
wafer in a vacuum chamber, comprising: 

30 an antenna capable of radiating RF energy 

into said chamber to generate a plasma in a por- 
tion of said chamber overlying said wafer; 

a plurality of elongate spray nozzles ther- 
mally coupled to a vacuum containment wall of 
35 said vacuum chamber and extending toward said 
wafer with respective nozzle tips having gas dis- 
tribution inlet orifices at least nearly overlying the 
edge of said wafer. 

40 25. A plasma reactor including means for holding a 
wafer in a vacuum chamber, comprising: 

an antenna capable of radiating RF energy 
into said chamber to generate a plasma in a por- 
tion of said chamber overlying said wafer, 
45 a closed tube inside said vacuum chamber 

for spraying a reactant gas into said portion of 
said chamber overlying said wafer and symmet- 
rically disposed relative to said wafer and follow- 
ing an edge contour of said wafer so as to not 
so overlie a substantial portion of said wafer, said 
closed tube having a plurality of spray openings 
therein facing an interior portion of said vacuum 
chamber overlying said wafer. 

55 26. A plasma reactor including means for holding a 
wafer in a vacuum chamber, comprising: 

an antenna capable of radiating RF energy 
into said chamb r to generat a plasma in a por- 
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tion of said chamber overlying said wafer, 

a planar spray showerhead for spraying a 
reactant gas into said portion of said chamber 
overlying said wafer, said planar spray shower- 
head ov rlying an interior portion of said vacuum 
chamber over said wafer and having plural spray 
nozzl openings facing said waf r; and 

plural magnets in an interior portion of said 
planar spray nozzle between adjacent ones of 
said plural nozzle openings, said plural magnets 
being oriented so as to repel ions from said spray 
nozzle openings. 

27. The reactor of Claim 26 wherein said nozzle 
openings are located in a range of about 25% to 
50% of a wafer diameter from said wafer. 

28. A plasma reactor including means for holding a 
wafer in a vacuum chamber for containing a proc- 
essing gas, comprising: 

an antenna capable of radiating RF energy 
into said chamber to generate a plasma; and 

a conductive dome-shaped electrode 
overlying said wafer and being connectable to an 
electrical potential. 

29. The reactor of Claim 28 wherein said dome- 
shaped electrode comprises a ceiling of said 
chamber and is connected to ground during proc- 
essing. 

30. The reactor of Claim 2g further comprising 
means for connecting said dome-shaped elec- 
trode to an RF power source during cleaning of 
said chamber. 

31. A plasma process, comprising the steps of: 

providing a vacuum processing chamber 
holding a workpiece to be processed and having 
a dome-shaped antenna on one side thereof; 

feeding a processing gas including an 
electronegative gas into said processing cham- 
ber, 

resonantly coupling an RF electrical signal 
to said antenna; and 

non-resonantly and inductively coupling 
electromagnetic energy from said antenna into a 
plasma formed in said processing chamber from 
said processing gas, whereby said workpiece is 
processed by said plasma. 

32. The plasma process of Claim 31 , wherein said 
electronegative gas comprises oxygen gas. 

33. The plasma process of Claim 31 wherein said 
electronegative gas comprises a halogen. 

34. The plasma proc ss of Claim 32, wherein said 



processing gas additionally comprises a precur- 
sor gas for silicon oxide. 

35. The plasma proc ss of Claim 1, wher in said RF 
5 electrical signal has a frequency within the range 

of 400 kHz to 20 MHz. 

36. The plasma process of Claim 35, wherein a pres- 
sure of said processing gas within said chamber 

10 is within a range of 1 to 30 milirTorr. 
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